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A B S T R A C T
The purpose of this study is to experimentally correlate the compressive strength ( f 0c) of
concrete to the modulus of rupture (fr) for plain concrete beams with a vertical
construction joint placed at their center. The ACI code provides a formula for the
correlation of fr to f
0
c , but with the provision that the concrete specimen is monolithic (no
joints). It is well known that no concrete structure is built without the use of construction
joints, whether planned or un-planned, an engineer would deﬁnitely beneﬁt from an
equation that could relate the modulus of rupture of concrete as a function of its
compressive strength. A better understanding of the effects of construction joints on the
modulus of rupture will assist engineers in making rational decisions on how to deal with
vertical construction joints, which in turn will lead to ultimate cost savings on large-scale
projects.
In this study, seven different concrete mix designs were used. From each concrete mix,
six plain concrete beams were poured, half of which were monolithic and the other half
with a vertical construction joint at the beam center. Four cylinders per design mix were
casted for the purpose of obtaining the mix compressive strength. The experimental
results indicate that for monolithic beams, the ACI Code always underestimates the
modulus of rupture, whereas in the presence of a vertical construction joint, the conducted
experiments yield a signiﬁcant loss in the modulus of rupture of concrete that varies
between 24% and 83%. Thus, there is a clear justiﬁcation for providing dowels at
construction joints in order to assure continuity in strength over joints in plain concrete.
 2014 The Authors. Published by Elsevier Ltd. All rights reserved.1. Introduction
It is often not possible to complete a job at one go, for example because of the size or complexity of the structure or
because of limited materials or manpower. When work resumes it will be necessary to place fresh concrete on or against the
previous pour that will have already hardened. The resultant contact surface is known as a construction joint or day work
joint (Waters, 1968; Critchell, 1968) (Fig. 1). Waters (McCormac and Nelson, 2006) was a pioneer in addressing the issue of
concrete tensile strength across construction joints and had mainly investigated the topic of bonding surfaces.
The ﬂexural strength of concrete beams, which is also known as the modulus of rupture, has been experimentally studied
on many different levels for the past century. Lane (1998) had developed correlations among ﬂexural, split tensile, and§ This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution,
and reproduction in any medium, provided the original author and source are credited.
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Fig. 1. Typical schematic of a construction joint in pavement construction.
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use in a paving project. By deﬁnition, ﬂexural strength is a measure of an unreinforced concrete beam or slab to resist failure
(McCormac and Nelson, 2006). Another important factor that affects the beam or slab ability to resist failure is the
compressive strength of concrete ( f 0c). This experimental study was based on the ASTM C78 Standard (ASTM Standard,
2002a) test method for ﬂexural strength of concrete. In ASTM C78 Standard, the modulus of rupture of concrete is obtained
by breaking simple beams (760 mm  150 mm  150 mm) using third-point loading. In the standard, the beam is monolithic
(no joints within the beam).
In the ACI Code, equation (9–10) in section 9.5.2.3 of the ACI manual (ACI Committee, 2008) provides the following
equation relating between f 0c and the modulus of rupture (fr) for normal weight monolithic beams:
f r ¼ 0:62
ﬃﬃﬃﬃﬃﬃ
f 0c
q
(1)
In this study, the proposed equation for the modulus of rupture that would be used is as follows:
f r ¼ k
ﬃﬃﬃﬃﬃﬃ
f 0c
q
(2)
where fr is the modulus of rupture, MPa; k is the a factor that would be determined experimentally; f
0
c is the compressive
strength of concrete, MPa.
The purpose of this study is to experimentally derive an equation that relates the compressive strength of concrete to the
modulus of rupture for a beam that contains a construction joint (CJ). ACI deﬁnes a construction joint as: ‘the surface where
two successive placements of concrete meet, across which it may be desirable to achieve bond and through which
reinforcement may be continuous.’ (ACI Committee, 2000). Most construction projects (if not all) will run into construction
joints, whether they are planned or un-planned. Having an equation that accounts for construction joints in determining the
ﬂexural strength of concrete is beneﬁcial, since that will allow the structural engineer to determine a more accurate result in
the calculation of ﬂexural strength for a location that contains a construction joint, hence reducing the tendency of
overdesigning these joints.
2. Overview of experimental study
In order to achieve a reasonable set of data points with a wide range of concrete compressive strengths ( f 0c) and ﬂexural
strengths (fr), seven different mix designs were utilized (Table 1). The identiﬁcation of each concrete mix design are
designated in the following manner: Mix A, Mix B, Mix C, Mix D, Mix E, Mix F and Mix G. For each mix design, a total of six
plain concrete beams were poured: three were monolithic and the other three had a construction joint at the center of the
beam (Fig. 2). In addition, four test cylinders were poured for each set of beams. In total, 42 beams and 28 cylinders were
poured for this experimental study. The average compressive strengths of each mix design were obtained by crushing the
corresponding four test cylinders. The standards used for concrete pouring, compressive strength cylinder testing, and
cylinder capping are ASTM C192 (ASTM Standard, 2002b), ASTM C39 (ASTM Standard, 2005), and ASTM C617 (ASTM
Standard, 2002c), respectively.
Modulus of rupture is usually obtained from direct tension tests, but direct tension tests of concrete are seldom carried
out because it is very difﬁcult to control. Also, perfect alignment is difﬁcult to ensure and the specimen holding devices
introduce secondary stress that cannot be ignored. In practice, it is common to carry out the splitting tensile test or ﬂexural
Table 1
Concrete mix design and corresponding f 0c .
Mix CA % FA % Cement % Water % W/C ratio f 0c (MPa)
a
Mix A 50.37 23.94 16.05 9.64 0.60 31.42
Mix B 50.86 24.17 16.20 8.76 0.54 39.22
Mix C 50.22 23.87 16.00 9.92 0.62 34.03
Mix D0 50.09 23.81 16.52 9.58 0.58 34.78
Mix E 50.50 24.00 15.84 9.66 0.61 28.57
Mix F 50.76 24.12 15.41 9.71 0.63 28.06
Mix G 51.00 24.24 15.01 9.76 0.65 29.22
a Average value of the testing of 4 cylinders.
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according to ASTM C78 Standard (ASTM Standard, 2002a) (Fig. 3). Although the modulus of rupture is a kind of ﬂexural test,
the obtained results are usually much higher than the values obtained from a direct tension test. This is because concrete can
still carry stress after a crack is formed. The maximum load in a bending test does not correspond to the start of cracking, but
correspond to a situation when the crack has propagated. The stress distribution along the vertical section through the crack
is no longer varying in a linear manner. Thus Eqs. (1) and (2) do not provide an exact value.
The plain concrete beams were casted using standard molds (Fig. 4) and were placed in moist-curing water tanks. The
beams were only removed out of the curing water tank (Fig. 5) for actual testing since it is crucial that the beam stays
completely moist during the testing period. The process of surface drying of the specimen usually results in a reduction in the
measured ﬂexural strength according to ASTM C78, section 6.1 (ASTM Standard, 2002a). When a beam was taken out of the
moist-curing storage tank, the dimensions of the beam were recorded. In addition, reference lines were drawn on the beam.
The centerline, 75 mm from both sides of the centerline, and 225 mm from both sides of the centerline. The 225 mm on both
sides of the centerline represent the 450 mm spacing of the lower support blocks of the third-point loading machine. The
75 mm reference line on both ends of the centerline represents the limits of the cracking region (constant moment zone).
The calculation of the modulus of rupture depends on whether the position of the failure plane. If the cracks fall in the
marked cracking region, than the following equation must be used in determining the modulus of rupture (ASTM Standard,
2002a):
R ¼ PL
bd2
(3)
where R is the modulus of rupture from beam bending test, MPa; P is the maximum applied load indicated by the testing
machine, N; L is the span of beam between the supports, mm; b is the average width of specimen at the fracture, mm; d is the
average depth of specimen at the fracture, mm.
If the cracks fall outside the marked cracking region, then the following equation must be used in determining the
modulus of rupture (ASTM Standard, 2002a):
R ¼ 3Pa
bd2
(4)
where a is the average distance between line of fracture and the nearest support measured on the tension surface of the
beam, mm.Fig. 2. Wooden bulkhead inserted at mold centerline to create CJ.
Fig. 3. ASTM C78 beam specimen loaded at third-point loading (ASTM Standard, 2002a).
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should be discarded. The beams were loaded continuously and without shock until the breaking point (Fig. 6). Figs. 7 and 8
represent typical failure mode and the centerline cracks for monolithic and non-monolithic plain concrete beams,
respectively. All cracks fell within the 75 mm range from the centerline; hence Eq. (3) was used to calculate the modulus of
rupture.
3. Experimental results
Fig. 9 displays the compressive strength versus the modulus of rupture based on the experimental data shown in Table 2.
This data is used to calculate the experimental R-values based on Eq. (3) using the recorded failure load P and a length L of
450 mm between the supports. The corresponding k values are calculated based on the following equation:
k ¼ R
2
f 0c
(5)Fig. 4. Molds and construction materials.
Fig. 6. Beam setup in testing apparatus.
Fig. 5. Cylinders and beams in water tank.
Fig. 7. Typical monolithic beam failure mode.
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Fig. 8. Typical non-monolithic beam failure mode.
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are calculated. It is clear that the ACI equation in general, always would underestimate the magnitude of the modulus of rupture
as compared to the experimental results for monolithic construction. Whereas, in the case of the construction joints, the
experimental modulus of elasticity magnitude is less than the ACI yielded value by 24–83%, with an average of 55%.
4. Code recommendations for construction joints
According to ACI (ACI Committee Report, 1995), construction joints are placed in the slab where the concreting operations
are terminated. The practice of checkerboard placements of slab segments utilized in the past is no longer recommended. It
was once thought that a checkerboard placement would allow most of the expected shrinkage to occur prior to placement of
the adjoining slab segments. However, it has been found that long-term effects of shrinkage must still be accounted for in
joint design, and the additional expense of checkerboard placements is seldom worthwhile. The construction joint type and
Table 2
Experimental data and calculated values for the modulus of rupture ( f 0r).
Beam I.D. Type Depth
(mm)
Base
(mm)
Length
(mm)
Load
(kN)
Calculated
R (MPa)
Calculated k Avg. k % difference f 0r (MPa)
A1 Monolithic 150 155 765 43.9 5.66 1.02 0.96 54
A2 150 155 765 43.9 5.66 1.02 5.35
A3 150 151 762 38.4 5.09 0.82
A4, 7 Construction joint 151 150 760 5.6 0.74 0.02 0.24 61
A5, 8 151 152 760 23 2.99 0.28 1.35
A6, 9 150 151 760 27.4 3.63 0.42
B1 Monolithic 154 153 765 n/a 0.93 50
B2 152 153 765 47.4 6.03 0.93 5.81
B3 152 153 762 n/a
B4, 7 Construction joint 151 154 760 34.5 4.42 0.50 0.47 24
B5, 8 151 154 760 25.6 3.28 0.27 2.94
B6, 9 150 154 760 38.4 4.99 0.63
C1 Monolithic 155 153 765 44.3 5.42 0.86 0.81 31
C2 152 154 762 38.4 4.86 0.69 4.74
C3 152 153 764 43 5.47 0.88
C4, 7 Construction joint 153 154 760 18.3 2.28 0.15 0.23 64
C5, 8 151 154 760 23.7 3.04 0.27 1.32
C6, 9 150 155 760 22.8 2.94 0.25
E1 Monolithic 155 155 762 33.8 4.08 0.58 0.60 4
E2 155 154 762 33.5 4.07 0.58 3.19
E3 154 155 762 35 4.28 0.64
E4, 7 Construction joint 154 154 760 15.8 1.95 0.13 0.10 83
E5, 8 155 154 760 16.8 2.04 0.14 0.55
E6, 9 155 154 760 8.2 1.00 0.03
F1 Monolithic 155 155 761 37.8 4.57 0.74 0.79 27
F2 151 155 761 40.1 5.11 0.93 4.16
F3 154 155 761 35.8 4.38 0.68
F4, 7 Construction joint 153 152 760 21.8 2.76 0.27 0.24 62
F5, 8 152 152 760 13.5 1.73 0.11 1.26
F6, 9 153 153 760 24.5 3.08 0.34
G1 Monolithic 155 155 764 37.3 4.51 0.70 0.81 31
G2 155 153 764 41.3 5.06 0.87 4.37
G3 157 155 765 42.5 5.01 0.86
G4, 7 Construction joint 154 153 760 23.6 2.93 0.29 0.33 46
G5, 8 154 155 760 25.8 3.16 0.34 1.80
G6, 9 151 155 760 25.7 3.27 0.37
D01 Monolithic 154 155 762 45.2 5.53 0.88 0.85 37
D02 156 155 762 44.8 5.34 0.82 4.99
D03 155 155 762 44.7 5.40 0.84
D04, 7 Construction joint 155 155 760 27.9 3.37 0.33 0.34 45
D05, 8 159 152 760 30.1 3.52 0.36 2.01
D06, 9 155 155 760 28.3 3.42 0.34
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building use in service should also be considered. Construction joints can coincide with contraction joints. These joints could
then be keyed and dowelled joints. Bonded or butt joints may be used when construction and contraction joints do not
coincide.
Bonded construction joints should be used if the concreting operations are interrupted long enough to permit the
concrete to harden. A bonded construction joint with tie bars crossing the joint to limit joint opening is adequate for an
unreinforced slab-on-grade. PCA (PCA, 1983) recommends the use of 750 mm long tie bars, spaced at 750 mm. These should
be 13 mm bars for slabs 125–200 mm thick and 16 mm bars for slabs 225 and 250 mm thick. When construction joints do not
coincide with isolation or contraction joints, butt joints may be used in thin, lightly loaded slabs. Load transfer is not a majorTable 3
Failure loads of beams.
Mix f 0c (MPa) Average monolithic (kN) Average CJ (kN) Adjusted CJ (kN) PCA based (kN)
Mix A 31.42 42.07 18.67 35.17 33.10
Mix B 39.22 47.40 32.83 49.33 36.98
Mix C 34.03 41.90 21.60 38.10 34.45
Mix D0 34.78 44.90 28.77 45.27 34.83
Mix E 28.57 34.10 13.60 30.10 31.57
Mix F 28.06 37.90 19.93 36.43 31.28
Mix G 29.22 40.37 25.03 41.53 31.92
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with a key or dowels. Otherwise, thickened edges can be designed to reduce slab edge deﬂections.
The experimental results combined with the PCA recommendations have been carefully examined. For the situation at
hand, if one considers the PCA recommended steel bar size and placing, one could calculate the achieved value of additional
load a CJ could carry. Knowing that the beam size has a depth and base of 150 mm each, a length between support of 450 mm,
and using a recommended bar size of 13 mm spaced every 750 mm one could calculate the equivalent load the bar would
simulate. Assuming a minimum cover of 40 mm and Grade 60 Steel (420 MPa), simple mechanics of materials calculations
would yield an equivalent load of 16.35 N. Thus, if the ultimate load carrying capacity is adjusted by this value, as shown in
Table 3, one would deduce that the PCA recommendation for the situation at hand is valid and reasonable and only in the case
of Mix E, the adjusted value for the CJ is less than 5% below that of the PCA based value of the maximum allowable load.
5. Conclusions
In the world of concrete construction, the use of construction joints is as inevitable as the use of cement. In other words,
construction joints are part of any built up concrete structure; with proper planning and design engineering, these joints
should not compromise the structural integrity of a building, bridge, dam or any other concrete structure. Since CJs are
expected in concrete construction, it would only make sense to understand its effect on concrete behavior. As it was
presented in this detailed report, the most apparent factor that a CJ would affect is the modulus of rupture (ﬂexural strength
of concrete). As mentioned earlier in this study, the current ACI equation for the modulus of rupture (fr) applies to monolithic
sections. This experimental study has demonstrated the true effect of a construction joint on the modulus of rupture in a
plain concrete beam, along with its relationship to the concrete compressive strength ( f 0c) by experimenting on standard test
beams while following the same ASTM methods that were used to come up with the current ﬂexural strength equation.
Based on the experimental results, the following conclusions were made: A CJ reduces the overall ﬂexural strength by approximately 55% when compared to a monolithic section.
 For construction joints the modulus of rupture can be calculated as:
f r ¼ 0:28
ﬃﬃﬃﬃﬃ
f 0c
q
(6)
 For the dimensions of the plain concrete beam tested, PCA recommendation of providing a 13 mm diameter bar at a spacing
of 750 mm has been veriﬁed.
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